, and 5-phosphomevalonate kinase (1) are consistent with the generally accepted view that chloroplast isoprenoids are synthesized from acetylCoA via acetoacetyl-CoA, HMG-CoA, and mevalonate. Only a few results are available about the sequence from photosynthetically fixed CO2 to plastid isoprenoids with isolated intact chloroplasts, e.g. from spinach (3, 11) and from Acetabularia (18).
Studies in the laboratory of TW Goodwin (9) on seedlings from several species and investigations on spinach protoplasts (24) doubtlessly demonstrated the existence of two separate pathways for isoprenoid synthesis in higher plants; one for an extraplastid site forming sterols and another for the chloroplasts forming plastid isoprenoids such as carotenoids.
The synthesis of carotene and other plastid terpenoids from mevalonate acid is well established from experiments using isolated chloroplasts (5, 6) . Detection ofacetoacetyl-CoA formation (23) and identification of enzymes in the chloroplast like HMGCoA2 reductase (1, 31) , mevalonate kinase (1) , and 5-phosphomevalonate kinase (1) are consistent with the generally accepted view that chloroplast isoprenoids are synthesized from acetylCoA via acetoacetyl-CoA, HMG-CoA, and mevalonate. Only a few results are available about the sequence from photosynthetically fixed CO2 to plastid isoprenoids with isolated intact chloroplasts, e.g. from spinach (3, 11) and from Acetabularia (18) .
In this study we demonstrate the preferential formation of 8- In some cases the chloroplast suspension was placed on a linear 0 to 80% Percoll (Pharmacia, Uppsala, Sweden) gradient described in Schulze-Siebert et al. (22) , but since this increased the preparation time without improving the results, this purification step was not routinely followed. Assay of Isoprenoids and Fatty Acids. The aliquots of 0.5 ml were transferred into 0.6 ml chloroform:methanol (1 :2,v/v) and then 0.25 ml chloroform and 0.5 ml water, 100 ,ug 8-carotene and PQ each and 300 gg fatty acid were added as carriers.
Identification of l-carotene, plastoquinone, and fatty acids as its fatty acid methylesters were performed by repeated adsorption and partition chromatography as described in Schulze-Siebert and Schultz (24) . For determination of radioactivity the corresponding zones were scraped out and measured in 1 ml methanol plus 4 ml Hydroluma (Baker Chemicals, Deventer, The Netherlands) by scintillation counting (Packard Tricarb 3255). The recovery rates of p3-carotene (35%) and fatty acids (50%) were determined by using internal reference substances and were taken into consideration when calculating the incorporation rates.
Other Methods. C02-fixation rates ofthe isolated chloroplasts were determined by the following method. The reaction mixture, plus 5 mm NaH'4C03, was illuminated and after 0, 2, 4, and 6 min two 25 ul aliquots were taken. One aliquot was transferred into 300 Ml triethanolamine-KOH buffer (pH 9.0). The parallel aliquot was treated with 300 M 6 M HCI and perfused with a stream of N2 to remove dissolved CO2. The C02-fixation rate was calculated from differences of "CO2 contents of HCl treated samples taken at 0 to 2 and 4 min. Chl contents were determined according to the method of Arnon (2), and enzymes as described in the following references: hydroxypyruvate reductase (EC 1. (24) . The C02-fixation rate of intact chloroplasts were 80 to 120 umol CO2 h-' mg-' Chl.
The rates of fatty acid and ,8-carotene synthesis were linear over a period of 60 min (Fig. 1) . Compared to chloroplasts isolated according to a modified method ofJensen and Bassham (14) , a significantly lower incorporation from 14C02 into ,3-carotene was found in chloroplasts isolated according to Nakatani and Barber (20) , although no differences could be found in fatty acid synthesis between the two chloroplast preparations. Purification of chloroplasts over a Percoll gradient neither activated nor inactivated fatty acid and #-carotene formation (Fig.  1 ). For this reason chloroplasts were isolated according to the modified method ofJensen and Bassham and the percoll gradient purification was omitted in the following experiments. These chloroplasts were slightly contaminated with 1 to 2% peroxisomes and less than 1% cytosol when related to the total amount per mg Chl in the leaf homogenate. The marker enzymes were Nakatani and Barber (20) and purified over Percoll gradient (A, A) (68 Mimol CO2 fixed mg-' Chl h-1). Chloroplasts (0.12 mg Chl ml-') were illuminated in the standard reaction mixture containing 5 mM NaH'4CO3. Aliquots were taken at times indicated and the reaction was terminated as described in "Material and Methods."
Results are expressed as nmol 14C02 incorporated into ,-carotene or fatty acids. (19; 24; 25) .
For incorporation of NaH'4CO3, 3 to 6 mm is needed as substrate to reach a pool size of photosynthate which was sufficient to supply (i-carotene synthesis with intermediates for running at maximal rates for at least 0.5 h (Fig. 2b) . The substrate concentration of 3 to 6 mM NaH'4CO3 may be equivalent to 1 to 2 mm of 3-PGA if one assumes that mol 3-PGA is formed from 3 mol NaHCO3. Fatty acid synthesis behaves just as with 3-PGA as substrate. The rate of fatty acid formation from NaH'4CO3 was not unlike earlier work (19) and increased linearly (26) and other enzymes as described in Colowick and Kaplan (7) . Conversely, the lower affinity to intermediates of fatty acid synthesis may be attributed to high apparent Km-values of involved enzymes. These are 10-to 100-fold higher than those for i-carotene formation (13, 21, 30) . Isotopic Dilution of NaH'4CO3 with Unlabeled Compounds. When NaH'4CO3 was applied simultaneously with unlabeled compounds to spinach chloroplasts, an isotopic dilution effect of incorporated '4C was expected (Fig. 3) . In the case of (-carotene (Fig. 3a) the rate of '4C-incorporation was diminished with increasing amounts of triose-P (GAP; DHAP) and 3-PGA. A decrease of about 80% was obtained after adding 5 mM unlabeled substrate. A smaller decrease of only 30% was found with unlabeled pyruvate, PEP, and 2-PGA. An inhibition of synthesis by higher amounts of added unlabeled substrates, at least of added 3-PGA, can be excluded from results as in Figure  2 .
. The lower isotopic dilution using 2-PGA, PEP, and pyruvate may be attributed to a relatively slow transport across the chloroplast envelope membrane. This may be caused by the lower specificity of the phosphate translocator for transport of 2-PGA and PEP (12) (12) . The same isotopic dilution effects were found in fatty acid formation (Fig. 3b) (22) , the incorporation of14C from labeled pyruvate into carotene (5 nmol 14C atoms h-1 mg-' Chl) was lower than that from NaH4CO3 (Fig. 2b) .
Third, when NaH'4CO3 is absent, the acetyl-CoA-pool formed P. from exogenous acetate also supplies the plastidic isoprenoid synthesis ( 1l, 24) .
To counter arguments that bypasses may be involved, like leucine in carotene synthesis of Phycomyces blakesleeanus (10) , [U-'4C]leucine was applied to illuminated chloroplasts under the same conditions as described above but no radioactivity could be detected in any of the fatty acid or i-carotene fractions (data not shown). However, the problem of bypasses in principal is, as yet, not solved.
The following model is proposed (Fig. 4) . A high affinity of the enzymes involved in carotene synthesis plus their compartmentation, channels plastid metabolites leading to a flow of substrates in the plastids toward carotene synthesis.
The model shows the substrate flow from primary photosynthetic products to amino acids, isoprenoids, and fatty acids in spinach chloroplasts. After Co2-fixation and formation of trisoephosphates most of these intermediates are exported by the phosphate translocator and used predominantly in sucrose synthesis (27) . A smaller part of the C3-precursors is converted to PEP by the plastidic phosphoglycerate mutase and enolase (15, 17, 25 and literature cited therein) and dephosphorylated to pyruvate by the plastidic pyruvate kinase. PEP and E-4-P are needed for the aromatic amino acid synthesis (4) . Pyruvate serves as substrate for the formation of branched chain amino acids in chloroplasts (22) and also is involved in plastidic isoprenoid formation. Fatty acid synthesis is predominantely supplied from an external site (28) . Only when the plastidic isoprenoid synthesizing system is saturated by intermediate substrates (Fig. 2) , does the remaining acetyl-CoA-formed by the pyruvate dehydrogenase complex (30)-supply fatty acid synthesis. This is consistent with experiments showing higher incorporation into fatty acids of labeled acetate than from NaH'4CO3 (19) and isotopic dilution experiments using unlabeled acetate (Fig. 3b) . A direct substrate flow from photosynthetically fixed CO2 to acetyl-CoA probably is a bypass for fatty acid synthesis, but an important pathway to provide plastid isoprenoids with substrates in spinach chloroplasts. Further investigations are needed to determine whether kinetic parameters (Vmax, Kin), structural organization of the relevant enzymes, compartmentation, or all contribute to this effective substrate flow.
